A completely numerical method, named digital self-referencing holography, is described to easily accomplish a quantitative phase microscopy for microfluidic devices by a digital holographic microscope. The approach works through an appropriate numerical manipulation of the retrieved complex wavefront. The self-referencing is obtained by folding the retrieved wavefront in the image plane. The folding operation allows us to obtain the correct phase map by subtracting from the complex region of interest a flat area outside the microfluidic channel. To demonstrate the effectiveness of the method, quantitative phase maps of bovine spermatozoa and in vitro cells are retrieved. © 2010 Optical Society of America OCIS codes: 090.1995, 100.5070, 170.6900.
Optical microscopy is an important tool for investigating biological specimens. However, most biological microscopic samples are transparent and cannot be satisfactorily visualized by a conventional optical bright-field microscope. A qualitative improvement of phase-object visualization can be achieved by phase-contrast approaches, such as Nomarski-Zernike interferential contrast microscopy or differential interferometric contrast (DIC) methods. Recently, a considerable effort has been made in DIC methods in order to provide quantitative phase microscopy [1] [2] [3] . On the other hand, various interferometric approaches have been developed for retrieving quantitative information; i.e., a dual-channel interferometric setup [4] or instantaneous spatial light interference microscopy [5] . In this framework, digital holography (DH) in a microscopy configuration has been established as a valid nondestructive, quantitative, labelfree, high-resolution phase-contrast imaging technique for biological specimens [6] [7] [8] . The main advantage of DH is the possibility to encode both the amplitude and the phase contrast into a single image (i.e., the hologram) that can be recorded by a CCD camera. Appropriate numerical procedures applied to the hologram allow retrieval of both the intensity and the phase-contrast images in a few seconds. Moreover, with the aim of retrieving a quantitative phase map (QPM) that is as accurate as possible, DH allows removing and/or compensating all the unwanted wavefront aberrations [9] . Generally, this operation is performed by recording two holograms, the first corresponding to the sample (object hologram), while the second one (reference hologram) is relative to a surrounding flat region (i.e., a region in which there is a uniform "optical thickness") [10] . This technique, called the double-exposure method, is the most effective way to retrieve a QPM of a sample, but it has the two following drawbacks. In fact, the double-exposure method needs the recording and the processing of two different interference patterns. Moreover, most of the analyzed samples do not have a flat area around them, and, therefore, a reference hologram cannot be recorded. To avoid these drawbacks, different strategies have been proposed for retrieving a QPM from a single acquisition [11, 12] .
In contrast, in microfluidic channels, the flat area surrounding the channel is very wide (compared to the channel area), and the object wavefront can be used to obtain self-referencing interferometry, as was recently demonstrated by Jang et al. [12] . The Jang setup allows creating an interferogram between the original object wavefront and its mirror replica. This replica was obtained by a fine optical adjustment and alignment of a microscope objective added into an additional arm of the DH setup. The two wavefronts interfere in such a way that a flat area is superimposed to the area occupied by the microfluidic channel with the biological specimen. This approach has been demonstrated to be valid for reconstructing quantitatively the phase distribution of different specimens. Nevertheless, the method described in [12] requires both an appropriate setup and twodimensional (2D) weighted polynomial fitting.
In this Letter we show that, by taking advantage of the possibility offered by DH to numerically manage the reconstructed complex wavefronts, a novel and full numerical approach can be adopted to get QPMs. The method is based on the generation of a numerical replica of the original complex wave field. To obtain the desired QPM, the replica is digitally shifted and the corresponding phase is subtracted from the original wavefront. Our approach can be explained as a wavefront folding, which allows superimposing the portion corresponding to a flat region on the region in which the object under investigation lies.
Compared to the method reported in [12] , which can be considered a true self-referencing optical setup, in our approach the replica is obtained numerically and for this reason was named "digital self-referencing." Moreover, a standard Mach-Zehnder setup has been used, whereas in [12] a Michelson configuration was adopted. The effectiveness of the our method has been proved for different objects. The setup, illustrated in Fig. 1(a) , has been designed to analyze transparent specimens. A laser beam (λ ¼ 632 nm) is divided by a beam splitter (BS) into two beams, the object and the reference beams, which are subsequently spatially filtered. The hologram is formed by the interference between the light that is transmitted by the specimen (S) and the slightly tilted reference wave (off-axis configuration). To improve the lateral resolution, a 50× (NA 0.65) microscope objective (MO) has been inserted into the object arm. The hologram is captured by a 1392 × 1024 pixel, 12 bit CCD camera. The Fresnel transformation method allows numerically retrieving both intensity and phase information [13] . Figures 1(b) and 1(c) show the 2D wrapped and pseudo-three-dimensional (3D) unwrapped phase maps of a bovine spermatozoa into a microfluidic channel, respectively, obtained by standard DH without applying the digital self-referencing. A microfluidic channel, 20 μm wide and 10 μm high, was fabricated by standard polydimethylsiloxane procedures [14] . Liquid containing the bovine sperm has been injected inside the channels by the capillarity effect. The phase-map distribution reported in Figs. 1(b) and 1(c) can be described by
for k ¼ 2π=λ, n ¼ 1; …; N, and m ¼ 1; …; M. φ 0 ðn; mÞ is the digitalized phase distribution of the object under observation, N and M are the dimensions of the pixel matrix, while the quadratic term takes into account the curvature, with a radius of R, introduced by the microscope objective. The parabolic term is centered on the pixel with coordinates (N 0 , M 0 ). In Figs. 1(b) and 1(c), it is clear that the large phase retardation due to the microscope objective [i.e., circular fringes in Fig. 1(b) and large parabolic phase term in Fig. 1(c) ] hides the thin phase contribution of the specimen. To retrieve the correct phase, a portion of the wavefront, where the contribution of the observed object is null, is identified and selected. This portion can be used as reference phase map since it corresponds to a flat region with a constant and uniform phase. A numerical replica of the wavefront is obtained by laterally shifting the original wavefront; in this way a reference phase map φ ref is generated. In particular, the obtained self-referencing map can be described by The aforementioned procedure for retrieving the QPM of the spermatozoa in a microfluidic channel is illustrated in Fig. 2 . The intensity image of the object from the original reconstructed wavefront is shown in Fig. 2(a) , while the shifted replica is shown in Fig. 2(b) . The subtraction between the phases of the original wavefront and its shifted replica is shown in Fig. 2(c) . The regions I and III correspond to the phase map of the quadratic term introduced in Eq. (1), while region II is the wrapped phase distribution of both the spermatozoa and a superimposed linear carrier [Eq. (3)]. Because of the shifting, the region with the spermatozoa has been duplicated. A 2D linear fitting is used for removing the superimpose plane; moreover, the averaging of the duplicated regions with the spermatozoa permits increasing the signal-tonoise ratio. Finally, the unwrapped phase map of the object is obtained, as shown in Fig. 2(d) . Region II consists of different subregions separated by the channel's boundaries. To take into account the discontinuities, a 2D weighted polynomial fit could be used to unwrap simultaneously the phase in all of region II. However, it is important to note that we used a linear fitting for obtaining the unwrapped phase in each of the rectangular areas inside the dotted lines in Fig. 2(d) .
A further example is given by reconstructing the QPM of a mouse preadipocyte 3T3-F442A cell line. Figure 3(a) shows the in-focus image of the reconstructed intensity map divided in four regions. By means of a pixel-shifting operation, the wavefront can be folded in both directions, as illustrated in Fig. 3(b) . The difference between the wrapped phase maps relative to the original wavefront [ Fig. 3(a) ] and the shifted one [ Fig. 3(b) ] is shown in Fig. 3(c) . The core of the cell under investigation is present in zones I and IV of Fig. 3(c) . The retrieved QPM is shown in Fig. 3(d) . The same approach has been applied to retrieve the sample phase distribution corresponding to regions 2 and 4 of Fig. 3(a) , where some filaments of the cell are clearly visible. To this aim, the phase relative to region 1 has been subtracted from the phase relative to region 2 and region 4. The corresponding QPMs are displayed in Figs. 3(e) and 3(f), respectively. To prove the correctness of the proposed method, a comparison between the self-referenced and the double-exposure QPMs are shown in Fig. 4 . In Fig. 4(c) , the profiles corresponding to the segment AB in Figs. 4(a) and 4(b) are plotted together with their difference signal. The maximum phase value difference is 0:55 rad, while 1:42 rad is the rms of the background noise. This proves that the two QPMs are in good agreement and that our proposed method works properly.
In summary, the method proposed in this Letter allows a digital self-referencing quantitative phase reconstruction by recording a single hologram and without modifying the standard off-axis DH experimental setup. The proposed method is suitable for structures in which the object under investigation is surrounded by a large flat region such as a microfluidic channel device for biological specimens. 
